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patterns of the extinct Carolina parakeet































while	 the	eastern	subspecies	was	not.	This	study	highlights	 the	novelty	and	 impor-
tance	of	collecting	occurrence	data	from	published	observations	on	extinct	species,	
providing	 a	 starting	 point	 for	 future	 investigations	 of	 the	 factors	 that	 drove	 the	
Carolina	parakeet	to	extinction.	Moreover,	the	recovery	of	lost	autecological	knowl-
edge	could	benefit	the	conservation	of	other	parrot	species	currently	in	decline	and	
would	 be	 crucial	 to	 the	 success	 of	 potential	 de-	extinction	 efforts	 for	 the	 Carolina	
parakeet.
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moas	(Dinornithidae)	in	New	Zealand	(Bond	&	Silander,	2007).	But	the	
majority	 of	 extinctions	 are	 poorly	 documented,	 and	 conjectures	 on	























keet	 is	1915	 (Elphick,	Roberts,	&	Reed,	2010),	with	 the	 last	 captive	
individual	dying	in	1918	in	the	Cincinnati	Zoo	(curiously,	in	the	same	
zoo	 the	 last	 captive	passenger	pigeon	died	4	years	 earlier;	 Laycock,	
1969),	although	it	is	likely	the	species	persisted	until	the	1930s	or	be-
yond	(Snyder,	2004).	By	the	time	the	Carolina	parakeet	was	subjected	




early	 American	 ornithologists,	 such	 as	 Alexander	 Wilson	 and	 John	
































the	 two	purported	subspecies;	 and	 (3)	 assess	evidence	 for	 seasonal	
migration	 through	 climatic	 niche	 shifts.	 Evaluating	 these	 questions	
with	 a	 novel	 dataset	 provides	 an	 opportunity	 to	 recover	 seemingly	






























accepted	as	 the	 range	 limits	of	 the	 two	subspecies	 (Ridgway,	1916;	
Swenk,	1934),	and	are	consistent	with	the	subspecies	identifications	
listed	on	all	261	labeled	museum	specimens.
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To	 prepare	 occurrence	 data	 for	 analysis,	 we	 first	 removed	 all	
duplicate	 sightings	 (i.e.,	 sightings	with	more	 than	one	observation/
specimen	at	the	same	location).	We	next	removed	vagrant	sightings	
(n	=	23)	 from	 the	 analysis,	 consistent	 with	 IUCN’s	 definition	 of	 a	
species’	range	(Gärdenfors,	Hilton-	Taylor,	Mace,	&	Rodríguez,	2001),	
which	 included	 all	 sightings	 from	 states	 where	 Carolina	 parakeets	
were	 not	 known	 to	 breed,	 and	 for	which	 there	 are	 no	 credible	 re-
cords	of	observations	during	the	breeding	season.	This	rule	excluded	
observations	from	the	U.S.	states	of	Colorado,	Maryland,	Michigan,	














typical	 home-	range	 size	 for	 small	 to	medium-	sized	 parrots	 belong-
ing	to	the	Carolina	parakeet’s	subfamily	Arinae	(Vehrencamp,	Ritter,	
Keever,	 &	 Bradbury,	 2003),	 as	 the	 Carolina	 parakeet’s	 home-	range	
size	 is	 undocumented.	 After	 thinning	 data,	 147	 unique	 georefer-
enced	 locations	were	used	 in	the	analyses	 (C. c. ludovicianus n	=	99;	 
C. c. carolinensis n	=	48).
The	 extent	 of	 analysis,	 and	 therefore,	 selection	 of	 1,000	 back-











We	 derived	 19	 climatic	 variables	 (e.g.,	 mean	 annual	 temperature	
and	mean	annual	precipitation;	see	Hijmans,	Cameron,	Parra,	Jones,	
&	 Jarvis,	 2005	 for	 variable	descriptions)	 from	a	30-	year	window	of	









niche,	 we	 divided	 the	 occurrence	 data	 by	 subspecies	 and	 used	
niche	equivalency	 tests	 (Warren,	Glor,	&	Turelli,	2008)	of	ordinal	
niche	 comparisons	 (Broennimann	 et	al.,	 2012)	 in	 the	 R	 package	
“ecospat”	 (v.	 1.1;	 Di	 Cola	 et	al.,	 2017)	 to	 test	 for	 differentiation	
between	 climatic	 niches	 of	 the	 purported	 subspecies.	 However,	
some	have	argued	 that	niche	 identity	 tests	are	 likely	 to	overpre-





ence	 threshold	 for	environmental	 space,	 applied	 to	a	PCA	of	 the	
climate	variable	set.
2.4 | Species distribution modeling
We	 used	 MaxEnt	 (Phillips,	 Anderson,	 &	 Schapire,	 2006)	 in	 the	 R	
package	 “dismo”	 (v.	 2.13.0;	Hijmans	 et	al.,	 2012)	 to	 generate	 spe-
cies	distribution	models	for	each	subspecies	 independently.	As	the	
Carolina	parakeet	was	 the	only	native	parrot	 to	 the	United	States,	
and	 its	biology	 is	 so	poorly	understood,	we	had	no	a	priori	expec-





annual	 precipitation,	 and	 precipitation	 of	 the	warmest	 quarter),	 as	






2014),	 which	 uses	 a	 checkerboard	 cross-	validation	 method	 to	
compare	the	Akaike	information	criterion	(AIC)	of	MaxEnt	models	




(for	AIC	 scores	 and	 parameters,	 see	Table	 S3).	 Using	 the	 results	
of	 the	 tuned	 MaxEnt	 models,	 we	 generated	 distribution	 maps	
with	a	thresholded	value	which	maximized	the	True	Skill	Statistic,	
which	optimizes	specificity	and	sensitivity	 (Liu,	Berry,	Dawson,	&	
Pearson,	 2005).	Whereas	 approaches	 like	 thresholding	 based	 on	
kappa	have	 received	some	criticism	 in	 the	 literature,	 the	TSS	ap-











dovicianus n	=	57	and	C. c. carolinensis n	=	33)	and	“winter”	(all	obser-
vations	 falling	 in	 December,	 January,	 or	 February;	C. c. ludovicianus 








on	 the	parameterization	 resulting	 in	 the	 lowest	AIC	model	 in	 the	R	




Species	 distribution	models	 (SDMs)	 indicated	 that	 the	 two	 subspe-
cific	Carolina	parakeet	groupings	differed	in	climatic	niche	(Figures	1	
and	 2)	 with	 significantly	 little	 environmental	 overlap	 (Schoener’s	
D	=	0.28,	 p	=	.012;	 Figure	2).	 However,	 the	 more	 conservative	 test	
(Warren	et	al.,	2008)	found	that	once	the	differences	in	environmen-
tal	background	were	accounted	for,	the	subspecies’	niches	were	not	
significantly	 different	 (Schoener’s	 D, p	=	.267,	Warren’s	 I,	 p = .327; 
Figure	2d,e).	 The	 two	 groupings	 additionally	 responded	 to	 differ-
ent	climate	variables.	For	example,	mean	temperature	of	the	coldest	
quarter	was	the	most	 important	climate	variable	contributing	to	the	




models,	one	for	each	subspecies	 (Figure	1).	The	AUC	values	 for	 the	
C. c. ludovicianus	and	C. c. carolinensis	models	were	0.790	and	0.814,	
respectively,	indicating	adequate	model	fit	(Figures	S1	and	S2).
We	 further	 evaluated	whether	 each	 subspecies	 underwent	 sea-
sonal	migrations	by	testing	for	equivalency	of	climatic	niches	across	
seasons.	 Our	 results	 documented	 a	 significant	 difference	 between	
the	winter	 and	 breeding	 season	 climatic	 niche	 for	 C. c. ludovicianus 
(D	=	0.684,	 p	=	.0396;	 Figures	3a,c,	 and	 S4);	 however,	 there	 was	
no	 significant	 difference	 for	 C. c. carolinensis	 (D	=	0.803,	 p	=	.851;	
Figures	3b,d,	 and	 S5).	 Season-	specific	 distribution	 models	 showed	







species	 had	 a	 distinct	 climatic	 niche,	 however,	 was	 uncertain	 from	
our	analysis	(Figure	2).	This	finding	of	range	size,	however,	may	help	
F IGURE  1 Map	showing	the	results	











psittacine	ecology,	 as	 the	previous	estimate	of	 their	 range	size	was	
more	 than	 10	 times	 larger	 than	 the	 average	 range	 size	 of	 all	 other	
recently	extinct	parrot	species	(Olah	et	al.,	2016).
Comparisons	 of	 seasonal	 distribution	 models	 indicate	 that	 the	
western	 subspecies	 may	 have	 moved	 between	 breeding	 and	 win-
ter	 seasons,	 whereas	 the	 eastern	 subspecies	 appears	 to	 have	 not	
(Figure	3).	These	 results	 also	 suggest	 that	 the	 subspecific	 taxonomy	
may,	in	fact,	be	valid,	despite	the	fairly	ambiguous	morphological	ev-








a	 polygon	 encompassing	 all	 of	 the	most	 distant	 areas	 in	which	 the	
Carolina	parakeet	had	been	 reported	 (see	Hasbrouck,	1891;	 Snyder	
&	Russell,	2002;	Figure	1).	Our	results	suggest	that	the	Carolina	par-
akeet’s	 range	was	much	 smaller	 than	 previously	 believed	 (Figure	1),	
















linensis	 and	 the	year-	round	portion	of	 the	 range	of	C. c. ludovicianus 
(Figures	1	and	3a).
Finally,	our	 findings	on	seasonal	migration	corroborate	 the	 sus-
picions	 of	McKinley	 (1977),	who	 conjectured	 that	C. c. ludovicianus 
shifted	 its	 range	 away	 from	 the	 northwest	 portion	 of	 its	 distribu-
tion	 in	 the	winter.	Although	 there	are	documented	observations	of	
Carolina	parakeets	during	temperatures	as	low	as	−30°C	in	Nebraska	
(Wilson,	 1811)	 and	 −32°C	 in	 southern	 Indiana	 (Wied,	 1839),	 it	 is	
unclear	 whether	 Carolina	 parakeets	 could	 have	 survived	 such	 low	
temperatures	 for	a	 sustained	period.	Our	 results	provide	ecological	
evidence	that	C. c. ludovicianus	migrated	between	seasons,	while	the	







may	 contribute	 bias	 to	 our	 results	 that	 fail	 to	 support	 a	 seasonal	
migration	within	 that	 range;	 however,	 given	 that	 there	 are	 compa-
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subspecies,	 it	 seems	 unlikely	 that	 any	 effect	 of	 limited	 sampling	 is	
biased	seasonally.
Seasonal	migration	 should	 be	 considered	 as	 just	 one	 of	 a	 num-
ber	of	adaptations	that	could	have	helped	Carolina	parakeets	persist	
in	colder	areas	than	their	closest	relatives,	which	are	 largely	tropical	
in	 distribution	 (Kirchman	 et	al.,	 2012).	 For	 example,	 Carolina	 para-
keets	 roosted	communally	 in	 tree	cavities	year-	round,	 and	had	 fully	
feathered	 ceres	 (Snyder	&	Russell,	 2002).	Both	 traits	may	have	had	
thermoregulatory	 benefits	 in	 seasonally	 cold	 climates.	 Whether	 or	
not	 the	 species	 entered	 torpor	 is	 unknown,	 but	 anecdotal	 observa-
tions	 of	 difficult-	to-	rouse	 individuals	 are	 strongly	 suggestive	 of	 this	
additional	 adaptation	 to	cold	 stress	 (Butler,	1892;	Snyder	&	Russell,	
2002).	However,	 as	 there	 are	many	 observations	 of	 active	Carolina	




















actually	 go	 extinct.	Our	 study	demonstrates	 that	 the	 loss	of	 a	 spe-
cies	does	not	necessarily	mean	a	loss	of	information	about	its	natural	
history—information	that	may	prove	useful	in	uncovering	the	factors	





and	the	winter	months	(December	through	February;	blue),	with	areas	of	breeding	and	winter	model	overlap	in	purple	for	C. c. ludovicianus 
(a)	and	C. c. carolinensis	(b).	For	full	prediction	maps,	see	Figures	S6–S9.	The	lower	panels	show	the	results	of	the	“within-	environment”	
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threatened	or	endangered	by	 the	 IUCN	 (Marsden,	Royle,	&	Downs,	
2015).
Although	our	study	relied	on	the	use	of	ecological	niche	model-










advocate	 for	 the	application	of	 these	methods	 in	 conjunction	with	
spatial	tools	as	a	more	formalized	toolbox	for	recovering	the	biology	
of	extinct	 species,	 and	more	generally,	 for	exploring	 the	extinction	
process.	We	 suggest	 genetic	 and	 stable	 isotope	work	 as	 a	 future	







Finally,	 recovered	 autecological	 information	 about	 extinct	 spe-
cies	may	have	practical	applications.	For	instance,	the	Carolina	par-

















(Seddon	 et	al.,	 2014),	 as	well	 as	 fully	 evaluate	 present	 and	 future	
habitat	suitability.
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